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Abstract 

The influence of nuclear matter on the properties of coherently produced reso¬ 
nances is discussed. It is shown that, in general, the mass distribution of resonance 
decay products has a two-component structure corresponding to decay outside and 
inside the nucleus. The first (narrow) component of the amplitude has a Breit-Wigner 
form determined by the vacuum values of mass and width of the resonance. The sec¬ 
ond (broad) component corresponds to interactions of the resonance with the nuclear 
medium. It can be also described by a Breit-Wigner shape with parameters depend¬ 
ing e.g. on the nuclear density and on the cross section of the resonance-nucleon 
interaction. 

The resonance production is examined both at intermediate energies, where inter¬ 
actions with the nucleus can be considered as a series of successive local rescatterings, 
and at high energies, E > Ecrit, where a change of interaction picture occurs. This 
change of mechanisms of the interactions with the nucleus is typical for the description 
within the Regge theory approach and is connected with the nonlocal nature of the 
reggeon interaction. 
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l.INTRODUCTION 


The study of the propagation of hadrons in nuclear matter is a much studied subject. 
It is a tool to explore the structure of the nucleus and to probe nuclear matter at large 
densities. Another perspective, which we adopt here, is to consider the nucleus as a known 
microscopic laboratory for studying elementary hadronic properties and interactions, which 
can then be compared to the predictions of models. This is particularly important in the case 
of unstable hadrons (resonances), where nuclear measurements are the only means to study 
their interaction. Even when the free elementary process is well known, experiments on a 
nucleus are necessary to tell us something about the space-time picture of the elementary 
interaction by providing a measure - typical nuclear distances and time scales. The bulk 
effect of the target nucleons on the propagation of the hadron is often referred to as ’medium 
modihcation’ of the particle properties, expressed through an ’in-medium’ mass and, for a 
resonance, also width of the hadron. 

The creation and propagation of resonances in nuclei has been widely studied over the 
last decades, both experimentally and theoretically. There are two distinct ways to create a 
resonance in the collision of a projectile with a nuclear target. In the first, the projectile and 
a target nucleon form a resonance. This s-channel resonance occurs at a definite projectile 
energy and shows up as a peak in the energy dependence of the total cross section. An 
example is the excitation of nucleon resonances, in nuclear photoabsorption, where e.g. for 
the A resonance the elementary process is 7 -|- A —A. It is common to refer to this 
type of resonance creation as formation. Recent examples are the nuclear photoabsorption 
measurements at Frascati 0] and Mainz [||. They showed that some nucleon resonances 
that were seen in photoabsorption on hydrogen and deuterium dissapear in nuclei, which 
to a large extent may be due to collision broadening of the resonance. In the second 
type, called resonance production, other particles besides the resonance emerge after the 
initiating projectile-nucleon interaction. For example in the nuclear photoproduction of 
the p resonance, the underlying mechanism is 7 -|- A —> p -|- A. There is no characteristic 
energy dependence in the cross section in this case and the resonance has to be identified 
through the invariant mass of its decay products. The production of a particular resonance 
in a given process continues to play a role at very high projectile energy, while formation 
of that resonance is suppressed as soon as one is more than a half width removed from the 
resonance energy. This is the reason that formation is essentially a phenomenon relevant 
at low ’resonant’ energies, while production is important at high energies as well. A recent 
experiment studying the production of the p meson is the measurement of di-lepton spectra 
at the SPS 0-0. The results were interpreted through a shift of the p mass in nuclear 
matter, as predicted in effective Lagrangian models and in approaches based on QCD sum 
rules. 


Many theoretical treatments of the behavior of resonances in nuclei were done for 
nuclear matter and then applied to hnite nuclei by taking over the ’in medium’ propagator. 
A central topic of this paper is the appropriate Green function for hnite nuclei. The hniteness 
of nuclei was also a crucial ingredient in the work of Ericson 0 on the propagation of virtual 
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pions in nuclei and our discussion has some common points. 


We discuss in this paper the coherent diffractive production of hadronic resonances 
on nuclei such as the photoproduction of vector mesons. In this case a resonance R is 
produced by the initial particle a on one of target nucleons, aN —>■ RN, propagates in 
nuclear matter interacting with other nucleons, RN —> RN, and then decays into a system 
of particles, R —>■ xi, X 2 , ■ ■ ■■ The decay products are registered outside the nucleus, but the 
decay itself can occur both inside or outside the nucleus. For simplicity, we will leave out 
hnal state interactions of the decay particles, which would be appropriate for the decay of 
a p resonance into an e’'“e“ pair. It will be shown that in the case of coherent production, 
where the nucleus returns to its ground state after the reaction, the mass distribution of 
decay products contains information on both stages of resonance life, in nuclear matter 
and in the vacuum. As a result, the mass distribution has to be interpreted not in terms 
of a single ’in medium’ resonance, but as an amplitude with a two-component structure. 
These two contributions can separately be parametrized through Breit-Wigner shapes. The 
hrst (narrow) peak corresponds to the decay outside the nucleus and is determined by the 
vacuum values of mass and width of the resonance. The second - typically much broader - 
peak is due to the interaction of the resonance with the nucleus and can be characterized 
through changed values of resonance mass and width. Clearly, the relative contribution of 
the two components depends e.g. on the nuclear density, the atomic number A of the target 
or the life time of the resonance. The interference of these two contributions gives the mass 
distribution of the decay products a more complicated form and makes it harder to extract 
the medium modihed resonance parameters from the obseved cross section. 

The most common way to think about the propagation of a hadron in a nucleus 
originated from the intermediate energy hadron-nucleus scattering. At energies where the 
projectile wavelength is small compared to the characteristic sizes of the process, the range 
of the potential and the nuclear dimensions, the process is seen as a succession of individual 
elementary projectile-nucleon interactions, described by the free amplitude. In particular 
at higher energies the motion of the nucleons can be neglected, leading to the frozen nucleus 
picture as embodied in e.g. the often used eikonal description. 


One might expect that the inherent approximations become better with increasing 
energy. As was pointed out by Gribov |^,[0 and followed up in detail by Koplik and 
Mueller |^, this is not the case. For a high energy projectile above a critical energy, 
E > Ecrit, the picture changes radically. The fast projectile should be seen as developing 
into a superposition of multiparticle hadronic states before reaching the target and before 
the first interaction takes place. That interaction takes place only between the lowest 
energy component of the projectile and the target. For an elastic scattering process, this 
multiparticle intermediate state eventually recombines into the original projectile-target 
state. This corresponds to an interaction of a considerable nonlocality, which makes the 
traditional approximations leading to the eikonal description incorrect. However, it was 
shown |^,[^ that, by consistently incorporating all intermediate multiparticle states in the 
coherent scattering of a stable hadron from a nucleus, one surprisingly enough obtains an 
expression that has the same structure as the result obtained from a naive application 
of the eikonal approach. Here we extend these ideas to the production and propagation 
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of a resonance in a coherent prodnction process on a nncleus, snch as the electromagnetic 
production of vector mesons. It is clearly also relevant to the studies of dense nuclear matter 
through resonance production in relativistic nuclear reactions. 


The paper is organized as follows. In Chapter 2 we discuss the production of resonances 
at intermediate energies, less than the critical energy, but high enough to use the eikonal 
approximation. We hrst give a simple, qualitative explanation why the production amplitude 
in a hnite nucleus must have a two-component structure. We then derive the full expression 
in the eikonal approximation and show that it displays a two-component structure for the 
invariant mass distribution of the decay products. In Ch. 3, the situation for energies higher 
than the critical value, E > Ecru, is discussed. Using Gribov’s method we show that the 
dual formulas turn out to have the same structure as for the eikonal approach in spite of 
the completely different space-time picture of the interactions in the two energy regions. 
In case that only one reaction channel is relevant, the propagating resonance, the formulas 
are identical. The reader mainly interested in the two-component structure of resonance 
production in hnite nuclei could therefore go from Ch. 2 straight to Ch. 4, where we 
give some numerical examples for the photoproduction of p mesons on nuclei to show the 
relative importance of the two resonance components. The dependence on the nuclear size is 
studied and the inhuence of nuclear correlations on medium modihed resonance parameters 
are considered. A summary and some conclusions are given in Chapter 5. A preliminary 
version of this work has been presented in Ref. 
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2. INTERMEDIATE ENERGIES 


In this section we consider the coherent production of resonances on a nucleus at ener¬ 
gies less than Ecru, where the interaction of the resonance with the nucleus can be described 
through the multiple scattering of the resonance from the target nucleons, summarized in 
an optical potential. The propagation of the resonance in the nuclear medium is then given 
by the corresponding ’dressed’ Green function. 

Before discussing this in detail, we hrst derive the relevant features of the production 
amplitude in a qualitative fashion for a one-dimensional example, similar to the arguments 
used in Ref. 0]. We consider a high energy photon incident along the positive z axis with 
momentum p that strikes an inhnite slab of nuclear matter extending from —to Inside 
the nuclear matter at Zi a p-resonance is excited. By matching the logarithmic derivatives at 
za and neglecting backward motion of the resonance, a good approximation at high energies, 
it is simple to see that the wavefunction of the resonance has the z - dependence 

T^.(A = N{zi)exp[i P*{za - \z\)\9{z - za) + exp[i P{z - za)]0{z - za) (1) 

where N{zi) is a factor depending on the excitation strength at Zi. We assume that the 
influence of the nucleus on the resonance can be represented through a complex optical 
potential, V*. Then P*, the momentum of the resonance inside the nuclear medium, is 

P* = ^p^ - Mj^ + tMuT + 2MnV* = p - Q*r . (2) 


4 






where Mji and F/j are the free resonance mass and width, respectively. The free resonance 
momentum outside the nucleus is given by 


P = + iMnV = P-Qr ■ 


(3) 


The resonance decays at point Zf into an electron-positron pair, a plane wave state of 
momentum p — q. The production amplitude is then simply the integral over excitation and 
decay points. 


T{p,q) = n dzi r dzfe-^^P-'^^^f^{zf) 
J-ZA J Zi 




oc / dziN{zi) 


1 - exp[i2pD*{z A - Zj)] ^ exp[ i2pD{zA - Zi)] 


l-ZA 


D* 


D 


(4) 


where 

2pD* = q-Q*^, 2pD = q-QR. (5) 

For large p we have q ~ s/2p, where s is the total energy of the resonance. We can then 
write the denominators in Eq. (H) as 

D ~ s - M^^ + iMnTn , ( 6 ) 

D* ~ 5 - . (7) 

At this stage, we can already read off the relevant features. First, the amplitude is the sum 
of two Breit-Wigner resonance contributions, consisting of a term with the free and medium 
modihed denominators, D and D*, respectively. There is no true pole in the complex s 
plane due to the in medium denominator. Furthermore, it can be seen that only in the limit 
of inhnite nuclear matter, za ^ oo, where the exponential terms vanish, we are left with 
an amplitude that has a single, medium modihed component and a pole in the complex s 
plane. These are the main results we derive in this Chapter. 

We now turn to a more detailed and complete discussion. Rather than working directly 
within the well eikonal formalism, we briehy rederive it from a diagrammatic approach. This 
useful in order to better connect to the discussion in Chapter 3. We start with the amplitude 
for resonance production by a projectile a with momentum p striking a nucleus of mass A, 
neglecting its further interactions with the nucleus. It corresponds to the diagram of Fig.l 
and the amplitude has the form 

To(p, q\ ~s) = t{R ^ X) Go{S) to{s, q^) FA{q) , (8) 

Here to{s,q‘^) is the amplitude for resonance production on a free nucleon, Go(s) is the 
propagator of the resonance and t{R X) is the amplitude of its decay into the hnal state 
X = {xi,X 2 , ■ ■ ■} • The momentum transfer to the nucleus equals q and the invariant mass 
of the resonance is denoted by s = {p — qY- We assume that the energy is high enough 
that Fermi motion can be neglected. Therefore, we use in the amplitude to the average 
total energy of the projectile and struck target nucleon, s = {p + Pa/AY, where p and 
Pa are four-momenta of the projectile and the nucleus, respectively. In principle to also 
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depends on the invariant mass of the resonance, s. The main dependence of Tq, Eq. (^), on 
s comes from the Green function Go(s) and we therefore ignore the weaker dependence in 
to; similar considerations are also applied to t(R —> X). We will only explicitly indicate the 
s dependence when it is necessary to avoid confusion. 

We choose the ; 2 -axis along the beam direction. For coherent production we obtain 
the following kinematical conditions, typical for the eikonal approximation at high energies: 

qo ~ qV2TfA -C |q|, 
q^ ^ {s-ml)/2\p\, 

|q±l < (9) 

The nuclear form factor Fa{(i) is fhe Fourier transform of the nuclear density, 

FAiq) = j d^rR^ ''pA{r) . ( 10 ) 


The propagator of the resonance, 

Go{5) =i[{p- qf -Ml + iMrTr]-^ , 

with the above kinematical approximations and neglecting the q^ term, becomes 

i 


Goi-s) = i [2|p| {q^ -qR + ^7r/2)] ^ = 


Here 


Qr = 


M|. — ml 


1 1 

1— 

IpI 

IPI 


2|p|(gz - Qr) 

Mr 


( 11 ) 


( 12 ) 


(13) 


are the minimal momentum transfer to produce the resonance R and the Lorentz-factor 
reduced width of the resonance, respectively, which we combine into the complex quantity 


Qr — Qr — ^7h/2 • 


(14) 


We will in the following take the point of view of time ordered perturbation theory, 
where the intermediate propagation of the resonance occurs at hxed energy, 

Fo ^ IpI+ m^/2|p|, (15) 

determined by the initial projectile momentum. It will be most convenient to work in the 
coordinate representation. We therefore Fourier transform with respect to the momentum 
variables and obtain for propagation by the distance r = {z, b) with b ■ p = 0: 

Goiz,h;Eo) = (27r)-3ydg,dVe'”"-*‘^"-'’Go(p-q;Fo) 

= RP^go{z)eiz)6\h) , (16) 
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where 

gJz) = = (2|p|)-ie-*««^ . (17) 

2 |p| 

This Green function has the natural form for a high energy process: forward propagation 
of the resonance at hxed impact parameter b with an attenuation proportional to 7 r. The 
production amplitude can be written in a way reflecting the space-time sequence of the 
process (with the initial state on the right): 

ro(p, s) = t{R ^X)ld^rfl Go(r; - rp Eo)17o(r,) , (18) 


where 

Go(r) = (2vr)"^y' d^qR^ '^ s) FA{q) . (19) 

Eq.(|l^) describes the resonance production on a nucleon at the point r* = (^i,b), its free 
propagation at constant impact parameter b to the point rj = {zf, b) and its decay at this 
point. 


The corresponding cross section has the form 


da= \t{R^ X)f 


l^o(s,g^)r 


dq^ ds 

(5-M|)2 + M2rI 32^^ 


dr 


x[s 


( 20 ) 


where drx is the phase volume for the decay R ^ X. One can see that the distribution 
da/dq^ ds has the usual Breit-Wigner form as a function of s. 


What happens now when we allow for interactions of the resonance with the nucleus? 
One might simply expect that one again obtains a Breit-Wigner distribution, but now for 
an ’in medium’ resonance with modihed parameters and T^^. Below, we will show that 
this is not the case for production of a resonance on a hnite nucleus. 


To take into account the hnal state interactions of the resonance R with the nucleus (see 
Fig.2), we replace the free Green function, Gq in Eq.(^) by the dressed Green function, 
G, which takes into account the interactions with the residual nucleus. The production 
amplitude obtained with the full Green function, G, becomes: 


T(p, q\ ~s) = t{R ^X) I d^Vf I d\ G G(r;, r,; Eq) [/o(r,) 




( 21 ) 


For the construction of the dressed Green function in the usual multiple scattering picture, 
we use the elastic resonance-nucleon scattering amplitude, tR{s,q‘^), normalized according 
to 

2lm tR{s,0) = . (22) 

Taking into account that the range of strong interactions is small compared to the nuclear 
size one can write approximately for the corresponding ’optical potential’ that describes the 
interaction with the nucleons in the nuclear ground state 


Unir) = (27r) d^q s)FA{q^) ^ ^^(s, 0) pyi(r) . (23) 
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For much of the discussion below the precise form of the interaction does not matter. Other 
effects that vary approximately as the nuclear density and can be included analogously will 
lead to similar conclusions. 

In coordinate space the dressed Green function has the form 

Girf,r,;Eo) = -h,) , (24) 


with 


OO p p 

g{Zf,Zi) = dzn ... dzigo{zf - Zn)UR{Zn,h) 

n=0 

Xgo(Zn - Zn-l) ' ' ' Unizi, b) go(zi - Zi) 

OO 


^ 1 r f^f 

{2\p\)~^ exp[-iQR{zf - Zi)]'^— i dzUR{z,h) 

n=0 ^ 

r 

(2|p|)"^exp -iQR^Zf - Zi) +i dzUR{z,h) 

J Zn 


and where the integrations over ZiS are longitudinally ordered, he. 


(25) 


Zi < Zl < Z-i - ■ ■ < Zn < Zf . 


(26) 


It can easily be seen from Eqs.(p^ and (|25|) that for homogeneous inhnite nuclear 
matter with density po; fhe full Green function G(rj, rp Eq) depends only on the difference 
Vf — Yi. This is due to translational invariance and yields momentum conservation in the 
multiple scattering process. The full Green function can in this case be obtained from the 
free one, Eqs. (|T^) - (p!7D, by the replacement 

Qr —^ Q*r = Qr — ^ii;(0)po , (27) 

or 

^ ^ TJ, , (28) 

where 

-2|p|Retjj(0)po , (29) 

MrT*r = MjjT^ + 2|p| ImfR(0)po = 7 r IpI , 7r = 7r + o-rPo- (30) 

For infinite nuclear matter, we thus obtain a production amplitude, T, for which the s 
dependence is again given by a single Breit-Wigner denominator as in Eq.(^), but now 
with the medium modihed parameters and FJj. From Eq.(^) it is clear that the nuclear 
matter width of the resonance is larger than the free one, yielding a broader peak of the 
production cross section. The resonance peak also shifts to a different position, but whether 
this shift is repulsive or attractive depends on the sign of RetR. 

The s dependence of the cross section for a finite nucleus is already revealed by carrying 
out the integration over the hnal coordinate, rj, in Eq. (pTf) , which amounts to taking the 
partial Fourier transform of the Green function G(r/, rp Eq) 

G{Ti; p - q; Eo) =y d^vj e-dp-q)^/ G{rf, rp Eq) . (31) 
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This function describes the amplitude to find the resonance R, after having been produced 
at the point r*, in a plane wave final state with momentum p — q and with an invariant 
mass 


« = -Bo - (P - q)^ « 2|p|g, + ml. 


(32) 


For simplicity, we now assume that we are dealing with a nucleus of radius Ra and 
constant nuclear density, po 

PA{r) = Po9{Ra- r) . (33) 

When Fourier transforming the Green function. Eg. (|^) , one receives two contributions cor¬ 
responding to the decay inside and outside the nucleus, rj < Ra and rj > Ra, respectively. 
As can be seen from Eq. (^), these contributions can be written in the simple form 

G{vi] p - q; Eq) = Cin ■ Gin{Yi] p - q; Eq) + Gout ■ Gout{^i] P - q; Eq) , (34) 

where 

Gin(r*;p-q;Eo) = z [2|p|(g^ - Q)j)]“\ 

Goutirpp - q]EQ) = z [2|p|(g^ - Qr)]“^ . (35) 

The coefficients in Eq.(^) are given by 

Ginirp p - q, Eq) = exp(-z(p - q^)zi) {1 - exp[i{q^ - Q*ii){zA - Zi)]} 

Co«i(ri; P - q, Eq) = exp(-z(p - q^)zi) exp[i{q^ - Qr){za - Zi)] , (36) 

where R\ — defines the point where the resonance with impact parameter b 

leaves the nucleus. 


To explicitly display the s dependence and singularity structure, we re-write this by 
using the kinematics of the eikonal approximations, Eqs.( 

Eqs.( 


131) and the definitions in 


Gini^Zi^ S, Eq) 
Gouti^Zii S, Eq) 


~s - , 


(37) 


and 


Ginirpp- q,Eo) 


Go«t(ri;p - q, Eo) 


exp(-z(p - qz)zi)[l - exp(^ (s - + iM*^Ty){zA - Zi)] , 

exp(-z(p - g;,)^i)[exp(^^ (s - M| -F zM/jFr)(2;a - Zi))]. (38) 

^IpI 


The above expression for the Green function and its s dependence contain the central 
result of this section. As the Green function enters directly into the production amplitude, 
we see that the production amplitude in finite nuclei is necessarily a superposition of two 
separate resonance structures: the original, narrower resonance peak due to decay outside 
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the nucleus, and the broader peak due decay inside the nucleus. Note that the term Gin 
does not have a pole singularity at s = because the residue of the pole, C^n, 

vanishes at this point. The Green function thus has no pole corresponding to a medium 
modihed resonance due the hniteness of the nuclear medium. Nevertheless, for real values 
of s, the amplitude does exhibit a Breit-Wigner structure. 


The relative weights of the two components are given by the probability amplitude 
for the decay inside and outside. If it is known experimentally that one has detected 
decay products corresponding to decay of the resonance at some distance from the target, 
only the narrow component will contribute. On the other hand, for an inhnitely extended 
nucleus za ^ oo only the broad component is present with a non-vanishing residue. For a 
hnite nucleus, both contribute to the amplitude and interfere with each other in the cross 
section. As one is usually interested in the medium modihed part, both contributions must 
be carefully separated. This situation is quite different from a coherent nuclear formation 
reaction ■ [f^! where only the propagation of the broadened resonance (or in medium 


component) is important. 


For a hnite nucleus with constant density we can obtain an analytical expression for 
the forward production amplitude, T, by carrying out the integration in Eq. (^If) also over 
the initial coordinate, r*. The result again shows separate contributions from decay inside 
and outside of the nucleus: 


T(p, 0, s) = Din{x, y) ■ [s - + Dout{x, y) ■ \s - + iMuTn] , (39) 


where 


r fZA{b) 

Din,out{x, y) = t{R X)to{s, 0)po db dzi Cin,out{ri] p - q; Eq) , (40) 

J J-ZA{b) 


and we have introduced the dimensionless variables 

^ -ml „ Mff - iM^Fh - 

X = qzRA = Ra — , y = QrRa = -- dd-A- (41) 


2|p| 


2|p| 


Dehning a function 




(42) 


we can express the coefficients Din and Dout in the following form 


Din{x,y) 


Dout{x, y) 


zAto(g,0) t{R^X) l K{x)-K{-x) ^ K{-x) - K{-x + 2y) 
2p X y 

iAfo(s,0) t{R ^ X) K{—x) — K{—x + 2y) 

2p y 




(43) 


In the discussion above, we did not take into account the contribution of intermediate states 
with higher mass than the resonance R because of the damping due to the nuclear form 
factor which takes place at intermediate energies. Before showing examples for resonance 
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production at intermediate energies, we first discuss the production at high energies. The 
expressions will turn out to look very similar, even though the space-time picture is entirely 
different. Asssuming that only one intermediate state, the resonance R, contributes the 
expression for the amplitude will be identical to Eq. (^). As we will consider this case 
in Ch. 4, the reader may proceed directly to these results concerning the two component 
structure of the amplitude and skip the discussion of the space time picture at high energies 
in the next chapter. 


3. HIGH ENERGIES 


The discussion of resonance propagation in nuclei of the previous chapter cannot be 
applied at high energies. The nonlocality of the amplitudes and to must be taken into 
account. The interaction at high energies is dominated by intermediate multiple particle 
production and the amplitudes tji and to are almost purely imaginary due to the dominance 
of multiparticle intermediate states. Under these circumstances the description of the high 
energy reaction in terms of reggeon exchanges with the target becomes most natural. 


It was already discussed by Gribov [§] that a crucial feature of high energy interac¬ 
tions are the multiparticle fluctuations of the fast hadronic projectile, which are taken into 
account by reggeon exchange (see Fig.3). Only the low momentum part of the fluctua¬ 
tion will interact with the target. Two body processes, like elastic scattering or diffractive 
dissociation, only arise as the shadow of these multiparticle processes as required by the 
unitarity condition. The lifetime of the fluctuations - and thus also the nonlocality of the 
interaction - is proportional to the hadron energy. For the scattering of hadrons off nuclei 
it was shown e.g. in Refs.0, and that there is therefore a critical energy of order 
Ecrit ~ ^aifiRA), above which the length of the fluctuation becomes larger than the nuclear 
size; here rua is the projectile mass and p a hadronic scale parameter of the order of a few 
hundred MeV. Two effects become important above this energy. Coherent production of 
higher mass states, ~ {nia + /u)^, is not damped anymore by the nuclear form factor. Sec¬ 
ondly, the nonlocality of the the interaction of a fast hadron with a target nucleon becomes 
greater than the nuclear dimension, Ra- This latter effect can be understood as follows. In 
hadron - nucleus scattering at high energies the hadron typically enters into a multiparticle 
state long before it enters the nucleus and reappears out of such a fluctuation only far out¬ 
side the nucleus. The space-time picture of resonance production as a localized production 
and successive rescatterings of the resonance R in nuclear matter, which we used in the pre¬ 
vious Chapter, is therefore not applicable anymore. It means that the sequential multiple 
scattering diagrams of Fig.2 - called planar diagrams because of the topological structure 
of the upper part - do not dominate anymore. Note that at high energies the wavy lines 
denoting the interactions with the nucleon stand for the exchange of one or more reggeons 
{i.e. multiparticle ladders). Intermediate multiparticle states correspond to cuts of these 
ladders. 


While the intermediate coupling to multiparticle states through sequential processes in 
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finite nuclei is negligibly small at high energies, a more complicated type of coupling to the 
multiparticle states becomes dominant. This is the simultaneous appearance of fluctuations. 
An example, a non-planar reggeon diagram, is shown in Fig.4. The direct calculation of the 
contributions from such non-planar diagrams would be extremely difficult. Gribov [Q was 
able to include them in his discussion of high energy scattering and showed that surprisingly 
the structure of the total scattering amplitude turned out to be analogous to that obtained 
from the eikonal multiple scattering approach used in the previous chapter. We shall only 
outline briefly what Gribov’s arguments for hadron-nucleus interactions at high ener¬ 
gies imply for resonance production on nuclei. The derivation is based on the analytical 
properties of the reggeon amplitudes as a function of the complex variables corresponding 
to the invariant masses of intermediate states, Si = Mf. This analytic structure reflects the 
appearance of intermediate states and the nonlocality of the interaction. 


For the coherent production of the resonance i? by a high-energy projectile a, we 
separate in the amplitude the part AaR, which contains all reggeon exchange dynamics, 
indicated schematically in Fig. 5: 


OC p p p 

T{p, s) ~ ^ / ■ ■ ■ / ... dzi pAi.Zn, b) ■ ■ ■ Pa{zo, h) 

n—1 

2 - 1 ,z ■ ■ ■ dqoz exp{-i ^ qiz{zi+i - Zi)}AaRip; qiz) ■ (44) 


n=l ' 


2 = 0 


The integrations over the Zi are longitudinally ordered, and the integrations over the qiz are 
carried out from —oo to -|-cxd as required by the Feynman rules. 


The function gj^), the amplitude for a diffractive a —>■ i? transition through the 

interactions with n target nucleons, can also be considered as a function of the variables 
Si- This is possible since the invariant masses s, of the (n — 1) intermediate diffractively 
produced states can in the eikonal limit be expressed in terms of longitudinal momentum 
transfers, as was done in Ghapter 2: 


Si = (p - Ilf ~ 2|p|9i, +ml , ! = 0 ,..., ii - 1 , 


(45) 


where rUa is the mass of the incident projectile a. 


The important feature of the reggeon-exchange dynamics is a power-like decrease of 
amplitudes with increasing Sj It means that integrals over s* are convergent, and it is 


possible to modify integration contours in the complex Sj-plane by adding to them integrals 
over large semi-circles which are negligible. 


We hrst discuss the analytical structure of the integrand of the simplest planar dia¬ 
gram, Fig. 6 a, and show that at high energies its contribution is negligibly small, as already 
argued above. On the positive real axis, we see in Fig. 6 a a pole singularity, corresponding to 
a possible stable single-particle state. The branch point corresponds to multiparticle states, 
contained in the internal structure of the exchanged reggeons (related to the nonlocality of 
reggeon interactions). The pole due to the resonance R lies on the unphysical sheet. The 
presence of only right-hand-side but not left-hand-side singularities is a specihc property of 
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planar diagrams. There are also singularities due to the nuclear form factor in the Sj-plane. 
These singularities occur at \qz\ ~ as can be seen by assuming, for example, a form 
factor of the structure ~ (1 + At high energies, as |p| becomes asymptotically 

large, they thus correspond to far away singularities, see Eg. (^5]) , and can be neglected. The 
nuclear formfactor singularities are not shown in the hgure. 

The solid line C in Fig. 5a indicates the desired integral along the real axis, which we 
now want to rewrite. Combining the contribution from the contour C and the contribution 
from the upper semi-circle (dashed), we obtain zero, since no singularities are enclosed 
by the contour. Due to the behavior of the reggeon exchange amplitude for large Sj, the 
contribution from the semi-circle is negligible and thus the desired integral must be zero. 
It means that at high energies the different singularities of the planar diagram cancel each 
other when one takes into account all intermediate multiparticle states. At energies lower 
than the critical one, the nuclear form factor is crucial and prevents this cancellation by 
damping large-mass contributions. (The form factor induced singularities are situated at 
small Si values in this case). 

The situation is different for the non-planar graphs shown in Fig.4. There are now also 
singularities on the negative real axis, see Fig.6b. In this case, we can modify the integration 
contour combining the contributions from C and the closed contour in the lower halfplane. 
The parts along the negative axis cancel and we obtain a contribution from the contour 
enclosing the positive Sj-axis on the physical sheet. By combining the integrand above and 
below the cut, only the discontinuity of the amplitude is left. Due to the unitarity relations 
this corresponds to the contribution of on-shell intermediate states. 


In order to deal with physical intermediate states in constructing the total amplitude, 
the crucial point in the treatment by Gribov consists now in combining the absorptive parts 
of planar and non-planar contributions, i.e. of diagrams with different topological structures. 
Thus the integral reduces to the contribution from the absorptive parts in the s* variables 
and the hnal result is thus expressed in terms of a sum or integration over real intermediate 
states, regardless of the reaction mechanism (planar or non-planar). These states are labeled 
with momentum or mass values according to Eg. (|45|) . The answer is therefore obtained in 
the form of multiple scattering between physical states, mediated by reggeon exchange. In 
general, these amplitudes are nondiagonal, i.e. connect different states. The hnal formulas 
thus now include instead of amplitudes to and tR the matrix amplitude t which describes 
all possible diffractive transitions between different states. Similarly, the effective potential 
becomes a matrix, e.g. U{q) = t ■ FA{q) in its momentum representation. It is convenient 
also to introduce a diagonal matrix for the intermediate longitudinal momenta for different 
states Q where 


Qcd 


— rrii 


2|p| 


^ 5 , 


cd • 


(46) 


It allows one to express the free Green function as a matrix analogue of Egs. 


m - (H): 


Go(r) = F^^go{z)9{z)S\h) , (47) 

^o(^) = (2|p|)“^exp(-ig^) . (48) 
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The matrix amplitude describing scattering from the initial projectile to a final hadronic 
state with nucleus staying in the ground state has the form 

b) = j dZn ... dZi dZoU{Zn, h)go{Zn - Zn-l) X 

xU{zn-i,h) ■ ■ ■U{zi,h)go{zi - Zo)Uo{zo,h) , (49) 

where U{z,h) = t-p{z,h). The index ’0’ on the potential Uq denotes initial interaction of 
the projectile. This incident channel may involve a photon, which will needs not be taken 
into account as an intermediate state again. 

It is convenient not to perform the last integration but to define the operator func¬ 
tions F^'^\z]h) and F{z;b), 


F{z-b) 


fZA 

f-ZA 


dz , 


n 


The function F{z; b) satisfies the Gribov integral equation [§] 

F{z] b) = Uo{z, h) + i [ dziU (z, b) go{z - zi) F{zi, b) . 

J -ZA 


(50) 

(51) 


(52) 


It is surprising that the final formulas obtained by Gribov have the same multiple 
scattering form as in the simple intermediate energy approach, extended to the whole set 
of intermediate states which can be produced coherently. However, the simple space-time 
interpretation of the interaction with the nucleus is lost. Thus, it would be wrong to interpret 
the final amplitude as the propagation of the resonance or another hadronic state through 
the nucleus with successive rescatterings off the target nucleons. If the energy is higher 
than the critical one the correct picture corresponds to simultaneous interactions mediated 
by reggeon exchange. The range of the interaction taking the initial projectile to its final 
state is typically larger than the nuclear dimension. 

The general solution of Eq. (|5^ ) of course involves a complicated matrix problem. 
However, in the approximation of constant nuclear density po the solution can be found 
using the method of Laplace transformations. Introducing Laplace transforms for functions 
F{z) and goiz), 


A, 

^(0 = / e-«^F(z) , (53) 

J-ZA 

/V /*oo 

^o(0 = / dze~^^go{z) = + , (54) 

JO 

we get in the case of semi-finite matter with constant density po a simple algebraic matrix 
equation instead of integral equation (^) (we suppress for the moment the dependence on 
b): 

:F{0 = Uo/^ + tugoHO, (55) 
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where tj = ipo. 

It has the following solution 

m = 


where 

with 


exp^2:A 

exp^2;A 




l-zU{^ + zQ)-^ 

G(Of>o , 


-1 


Ua 


^{0 — ^ + ^Q 

Q*=Q-U 


1 -1 


(56) 

(57) 

(58) 


The function F{z) can be expressed through the inverse Laplace transformation 




(59) 


where the integration is performed along a contour which is parallel to imaginary axis at a 
distance such that all singularities of the integrand are on the left-hand side of it. 


The expression for Eq. (^6]), was derived in the approximation of semi-inhnite 

matter, {—za, oo). To get a result valid for nuclear matter of hnite size, {—za, ^a), Eq. 


PAiz;b) oc 9{za - | 2 ;|) , 


one has to multiply the Laplace inversion of Eq. (|56|) , F{z), by 9{za — z) 


{F{z)) = F{z)9{za - z) , 


(60) 


where we have denoted the quantities corresponding to the hnite-matter case with the 
brackets ( )): 

The general approach of Gribov is easily applied to the special case of resonance 
production on a nucleus. If one of the intermediate states is a resonance, one simply has 
to replace in the Green function, Eq. (|3), by — iMjiV r . To get the amplitude of 
resonance decay, the matrix element {F(z,6)}ija should be convoluted with the free Green 
function {Go(r/ — and multiplied with the vertex function t{R —>• X) introduced in 

the previous chapter that describes the final decay of the resonance: 

T{p,q,~s) = I , (61) 

T(5; b) = tniR ^ X) dz dzf {go{zf - z)} {f(z, b)}^ , (62) 

where Qz = {§ — m^)/2|p|. 
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Note that the semi-inhnite integral over Zf can be seen as a complex Laplace transfor¬ 
mation to a variable related to momentum q^, or invariant mass s, 


5 = (S - ™«t/(2!|p|) 


(63) 


(compare Eq. (^) and (^)). Therefore the Laplace-transform method is very convenient 
for the calculation of the resonance mass distribution. The expression (|6^ has a form of a 
convolution of two functions, which corresponds to a product of two Laplace transforms in 
variable ^ : 

r(5;6) • (64) 

To get the Laplace transform for the truncated function {F{z)), one should convolute 
Eq. (1^ with the Laplace transform 0a{^) of the step function 9{za — |;2|): 


(^( 0 ) = , 


Oa{0 = 


exp(^A0 - exp(-^A0 

e 


For (semi-)in£nite nuclear matter the amplitude can be represented as a sum of poles, 

m =i: 


. ^ - 6 ’ 

and the hnite-matter amplitude then has the form 

TK)>=i:a.94K-a 


(65) 

( 66 ) 

(67) 

( 68 ) 


The general formalism in the multichannel case can be written in a compact fashion 
using functions of a matrix argument. An essential point is the ordering of different matrix 
factors. From the pole structure of the function one gets by means of Eqs.(|BlD, (pB]), 


and (|56|) 


T{S;b) = + + + 

Q(Q-)-'+ 

+(Q*-Q)(^ + *Q*)"^(Q*)“Mexp(2;A0-exp[-^A(^ + 2fQ*)]}l . (69) 


The important feature of hadron-nucleus interactions at high-energies, the possibility 
for the initial hadron to convert in the course of rescatterings into different hadronic states,is 
determined by the matrix U contained in the propagator G. Therefore it is necessary to 
know the structure of the effective potential, U = tp, and thus of the elementary diffractive 
matrix amplitude t through diffractive dissociation processes. At present, this information is 
essentially limited to reactions involving at least one stable hadronic state. It is known that 
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for stable particles, such as protons or pious, the nondiagonal elements are much smaller 
than the diagonal ones |^. There are some arguments for the magnitude of diagonal 


amplitudes for unstable hadrons: for p mesons they are of the same order as for pions, and 
for A isobars comparable to that for nucleons. Resonance production on nuclei can provide 
further information on the structure of the hadron-nucleon diffraction matrix. 


Some conclusions about the structure of the nuclear diffraction amplitude, T, can be 
obtained at high energies when the free part of the Green function, (s —M^ + iMijr/j)/2|p|, 
may be neglected compared to its density dependent part, U\ 


G(0 


'i + iQ* 




(70) 


As a result, the amplitude is proportional to 

f(s,6) oc (e + *Q)G"'Go • (71) 


If the projectile particle is a hadron, i.e. Uo = U, the resulting T matrix is diagonal. This 
takes place even if there are non-diagonal hadron-nucleon matrix elements which are not 
small. Note that while the Green function in nuclear matter is not diagonal (as is U~^), 
the T matrix becomes diagonal due to a cancellation between the resonance production 
amplitude and the terms induced by subsequent rescatterings. 


To be more precise, not the matrix elements, but the eigenvalues of the matrix U 
should be large compared to other terms in the Green function denominator to lead to a 
diagonal total amplitude. If one of eigenvalues is small for some reason, the situation can be 
quite different. The interaction with the nucleus looks much simpler in terms of eigenstates 
of the matrix amplitude of hadronic scattering. The initial hadron can be represented as 
a linear combination of diagonal states propagating through the nucleus. These diagonal 
states have, in principle, different probabilities to be absorbed in nuclear matter. As a 
result, the nucleus works as a hlter that only lets hadronic states with the smallest cross 
section pass. 

In the case of photoproduction, the incident photon can be represented as a superpo¬ 
sition of different hadronic states. In the vector dominance model the main contribution 
comes from low-lying vector mesons (p, a;,0). If one of these resonances is detected in 
the hnal state, the non-diagonal transitions in intermediate states are not important and 
the amplitude can be represented in the form of Eq.(^). For photoproduction of higher 
resonances, such as the p', several mechanisms can contribute: < yjp >< p|T|p' > and 
< 7 |p' >< p/|T|p' >. They are related to the admixtures of p and p' in the photon wave 
function, respectively. Although the admixture of p' is small, the second mechanism is di¬ 
agonal in nuclear transition and therefore increases faster with A as compared to the hrst 
one. Thus, the coherent photoproduction of higher vector mesons on a nuclear target can 
provide useful information on the hadronic structure of the photon wave function. 
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Single channel case 


We now consider the general amplitude for the case when only a single state, the resonance 
R, of all intermediate states is essential. In this case Eq. (|6^ simplihes since it involves only 
scalar quantities Qr and Q*^ instead of matrices Q and Q*. 


T{s;b)=tR{R^X) 


to{s,0)po exp^ZAp 

[l-itRpoi^ + iQRy^] ^ 


(72) 


After integration over the impact parameter b we get for forward resonance production, 
z.e. when q‘^ = , 


-qlmin, ^) = jd^bT{s] b) 


4 Q % 

= o^^APoto(s, 0) - 
6 X 


K{x) - K{-x + 2y) ^ QrK{-x) - K{-x + 2y) 


^ + iQ 


R 


Q 


^ + iQr 


(73) 


The function K(x) and the kinematical variables x and y are given in Eqs. (|42|) and (|4TD , 
respectively. This expression can be transformed to yield the same amplitude as in Ch. 
2, Eq. (|39|), which was obtained for lower energies. It illustrates that the high energy 
formulas are a smooth continuation of the intermediate energy expressions, even though 
the underlying space-time picture is completely different: sequential ’planar’ contributions 
dominate at lower energies and ’non-planar’ mechanisms at high energies. 


4. EXAMPLES 


As was shown in the preceeding Chapter, we can simply use the single channel ex¬ 
pression with its two component structure over a wider range of energies as long as it is 
reasonable to neglect the coupling to other channels. We now show some implications of 
the presence of two resonance components for the invariant mass distribution of the decay 
products. This is the natural aspect to study if one is interested in the behavior of the 
resonance in the nuclear medium. We consider a situation with a high momentum |p| where 
the production is not damped by the nuclear formfactor, since qmin ~ (s — ma^)/2|p|~^. 
This implies that the broadening of the resonance is large compared to its free width. Then 
in the mass distribution the narrower peak from the decay in the vacuum must compete 
with the broad in-medium contribution. The interference between these two terms with a 
Breit-Wigner structure will be important for the mass distribution. In contrast to the usual 
non-resonant background, the form and relative phase of the in medium ’background’ here 
are determined by the resonance interaction with the medium. (Certainly there will also be 
a background of non-resonant origin in the actual measurement; we have neglected it here). 

We present as an illustration the application of the two-component formula, Eq. (|3PD, 
to coherent photoproduction of a p meson. In Fig. 7 we show the mass spectra of the 
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pair from p decay produced at 6* = 0° in the reaction 

'yA —>• pA —>• (e'^e~)A (74) 

at laboratory momenta piab of 2 and 5 GeV and for finite nuclei with A = 50 and A = 
200. The cross section da/ds was calculated using the amplitude from Eq. (l3^) for a 
constant nuclear density, Eq.(^^, with po = , Ra = 1.12y4^/^ fm. The 

forward pN scattering amplitude was assumed to be purely imaginary and was taken 
to be 20 mb. The solid and dotted curves show the contributions of the free and in medium 
components, respectively. The bold curves represent the total contribution, which includes 
the interference of the components. The narrow component has a Breit-Wigner structure, 
which is distorted due to the dependence of the nuclear form factor, FA{qmin), on s through 
qmin- To partially remove this effect, we have scaled the cross section by a factor s^. The 
distortion due to the presence of two components in the amplitude is especially visible for the 
lower energy, p = 2GeV and the heavier nucleus: The in-medium contribution separately 
can be seen as a broad resonance peak, where the form factor distortion is much more 
evident. The interference between broad and narrow components is dramatic at 2 GeV and 
completely changes the form of the mass distribution. It is largely constructive at \/I < Mji 
and destructive at \/I > Mr. Due to the strong interference the form of the free p-peak 
becomes completely distorted and asymmetric at A = 50 and even develops two minima 
near 0.7 and 0.9 GeV for A = 200. The more complicated picture for heavy nuclei is again 
related to the presence of the nuclear formfactor, FA{qmin), which is more rapidly varying 
for heavier nuclei. We have tested that the general interference features are not an artifact 
of the sharp edge of the nuclear density distribution assumed in Eqs. (|^ and (P5D by 
repeating the calculations with a smoothly varying density. 

The width of the broad component increases linearly with p. At 5 GeV it appears only 
as a small and broad background. The interference of the broad and narrow component 
changes the form of the p-peak again, but clearly less than at the lower energy. 

We see that at both energies the broad component becomes more important as the 
nuclear mass number. A, increases. The different mass dependence can be made explicit 
in the following way. We consider a situation when the momentum, |p|, is high and the 
broadening of the resonance is much larger than its free width, Tr poctr/2Mr ^ Tr. 
The in-medium contribution then only represents a broad background to the pronounced 
narrow free peak. In the vicinity of free peak we have 

X ^ M^ Ra/\p\ -C 1, 

- i Ra Po (Tr/2, |p| > 1 . (75) 


Expanding K{x) ~ 3/4 - 
Eq. (P 

(TaRiO) 


ixl2 and K{x + 2y) <C K{x), one obtains for the two terms in 


27rR\\ 1 271 R\ 1 

^ + ^Qr ^ ^r ^ + iQR 


(76) 


Since Ra^ ~ this shows that the medium modihed part grows faster with A than the 
free resonance contribution. 
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In the above consideration it is easy to estimate the effect of correlations between 
nucleons 0. The most important are two-body correlations which can be be incorporated 
by simply multiplying the Green function gQ{zi — Zi^i) by a correlation function. This 
function — Zi-i) is defined to be unity if correlations are absent and we assume for an 
estimate a simple behavior corresponding to a hard core with radius Vcorr, 


Its Laplace transform is 


Xiz) = 6{\z\ - Tcorr) ■ 

exp(-^a) 


x(0 = 




(77) 

(78) 


This yields a resonance denominator in (|7^ of the form 


^ + iQn - HrPo exp + iQn) ^ C 


(1 “ ^)('C + + e)) , (79) 


where e = |poC’‘R^corr- Thus, the inclusion of correlations results in a modification of the 
resonance width of second-order in the density, Qlj — Q*ji -l- ^PoURe. For typical values of 
the parameters entering into e, the correction to the induced width is not very large: For 
aR ~ 20 mb and Vcorr ~ 0.2/m one obtains e ~ 0.2. 


In summary, the amplitude for the production of hadronic resonances on nuclear tar¬ 
gets contains two types of components. They correspond to the propagation and decay of 
the resonance outside and inside nucleus. The narrow component is characterized by the 
free values of resonance mass and width. The broad ’in-medium’ component does not have 
a true pole in the invariant mass; it has an approximate Breit-Wigner form with parameters 
depending on the nuclear density and the resonance-nucleon cross sections. Both compo¬ 
nents have a different A and energy dependence. In the limit of large A, the ratio Din/Dout 
of the broad and narrow components is proportional to the nuclear size A^^^. As the width 
of the broad component increases linearly with energy, the inside/outside ratio at a fixed 
invariant mass decreases as 1/p. Thus, the most interesting region for the investigation of 
’in-medium’ effects may be the region of intermediate energies, where there is only moderate 
damping by the nuclear form factor and the inside to outside ratio is not suppressed. As 
this ratio is proportional to the fraction of time the resonance spends inside the nucleus, it 
will be difficult to establish nuclear effects for the narrow, long lived resonances like J/ijj. 
This makes it hard to extract the ’in-medium’ parameters from such experiments in a simple 
fashion. 


5 . Summary and Conclusions 


Experiments on nuclei are an important way to study the space-time picture of elementary 
interactions. Through the interaction with the nuclear medium one has a way of measuring 
the development of the reaction in units of typical nuclear length and time scales. Many 
recent experiments concern the behavior of unstable elementary particles - resonances - in 
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nuclei. Ideally one would like to extract as directly as possible the ’in medium’ properties 
of the resonance, e.g. the medium modihed resonance parameters of mass and width. They 
can then be compared to models - be it on the level of quarks or hadrons - for the internal 
structure of the resonance and its interaction with the target nucleons. In this paper we 
have looked specihcally at the production of resonances. Examples are the production of p 
or J/ip on nuclei. For simplicity, we left out hnal state interactions of the decay products 
in our more qualitative discussion; this is appropriate for the decay of the above resonances 
into e.g. an e’''e“ pair. 

Clearly the relevant kinematical variable for such a study is the invariant mass of the 
resonance, s, which enters into the resonance amplitude and governs the resonant shape 
of the cross section. However, in general the connection between the incident energy, the 
variable at our disposal in an experiment, and the invariant mass s of the resonance in 
the nucleus is not direct in a high energy collision; the nucleus will break up and different 
fragments will carry of part of the energy, with only a variable fraction left for the resonant 
state we detect in the end. However, in a coherent process, where the nucleus returns to 
its ground state, the nuclear formfactor restricts the momentum transfer to the target and 
energy and invariant mass are closely related. That is why we discussed coherent production 
processes only. 

In a production process, the resonance can decay inside and outside of the nucleus. 
The relative contribution of these two possibilities depends e.g. on the momentum of the 
resonance, the size of the nucleus and the resonance lifetime. Both possibilites show up in 
the total amplitude: the decay outside through a component with the free resonance param¬ 
eters and an additional medium-modihed component for the decay inside the nucleus. The 
medium modihcations can be described - in the simplest picture - as a shift and broadening 
of the resonance due to interactions with the nuclear medium. As we saw in some illustrative 
examples, the background contribution drops off fast with energy and we mainly see the 
free resonance at high energies. This is intuitively clear since the faster the resonance, the 
smaller its chance for an interaction with the nucleus. A similar qualitative statement also 
holds for the dependence on nuclear size: the importance of the medium-modihed resonance 
is greater the larger the nucleus. Thus in order to get at medium effects, it is best to stay 
at intermediate energies and chose a heavy nuclear target. 

It is legitimate to talk about the medium-modihed component of the resonance in the 
production amplitude. However, it must be stressed that for a hnite nucleus the amplitude 
doesn’t develop a pole corresponding to an ’in-medium’ state. While there is a resonance 
denominator of the type s — where and T^ are the medium modihed 

resonance parameters, the amplitude has no pole because, as we showed, the residue of the 
amplitude at s = is zero. There is only a pole in s due to the free resonance, 

i.e. a (s — M|. -|- contribution with a non-vanishing residue. The reason behind 

this is clear: we detect the resonance through its decay products far from the target. Singu¬ 
larities in the S'-matrix can thus not be due to the interaction in a limited space-time region, 
as in general the S - matrix has only poles corresponding to asymptotic states. A simple 
illustration of this statement was shown by considering the production of the resonance in 
an inhnite nuclear medium, Ra — cxd. In that case the in-medium resonance never gets out 
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and a true pole does develop. The above general conclusions were first derived in the stan¬ 
dard multiple scattering formalism, the eikonal description, and our results can intuitively 
be understood in this picture. The statements were then shown to apply at intermediate 
as well as high energies. However, while the final formulas don’t change, we must at high 
energies radically change our space-time picture of the reaction, analogous to the hndings 
by Gribov for the scattering of a stable projectile from a nucleus. Multi-component inter¬ 
mediate hadronic states, instead of a single hadron, propagate. These components interact 
simultaneously with the target, instead of sequentially as is the case at lower energies. In 
the diagrammatic language, the sequential multiple scattering can be represented by planar 
diagrams. The new element entering into the description at high energies, above the critical 
energy, are non-planar diagrams with an entirely different singularity structure. Rather 
than dealing with this new contribution separately, it was discussed how the consideration 
of planar and non-planar diagrams together, grouped in such a way that the total contri¬ 
butions of real intermediate states with a dehnite mass enter, leads to a matrix expression 
with a ’multiple scattering’ structure that is very similar to the amplitude at E < Ecru- 
This result is quite surprising given the entirely different underlying space-time picture. 

We have seen that in coherent production on a hnite nucleus the medium-modihed 
resonance amplitude is necessarily accompanied by a free resonance contribution, which 
coherently interferes with it in the expression for the cross section. In a production process, 
we thus cannot directly measure an in-medium resonance shape. The medium-modihed 
component plays a signihcant role mainly at relatively low energies and for heavy targets, 
where due to its interference with the free amplitude it can lead to a signihcant change in 
the overall s dependence of the cross section. A qualitative estimate showed that nuclear 
correlations will only have a moderate inhuence on the distribution of the resonance decay 
products. At high energies and on lighter targets, the in-medium contribution quickly 
becomes a small, broad background that is difficult to identify uniquely. What we see at 
high energies is mainly the peak due to the free resonance, determined by the vacuum 
parameters. At these energies, we also must be careful in our interpretation of the process, 
as a totally different space-time picture applies than at lower energies. 
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Fig.3: Reggeon exchange diagram as a multiparticle fluctation: (a) projectile 
fluctuation and interaction of low momentum component with target; (b) corre¬ 
sponding elastic amplitude represented as reggeon exchange 



Fig.4: Example of a non-planar diagram 
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Fig.5 : (a) General structure of multi-reggeon amplitude; (b) decomposition into 
planar and non-planar contributions. 
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Fig. 6 . Singularity structure in s-plane. Formfactor singularities outside of large semi-circles 
not shown. 
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